Aims-To assess the diagnostic usefulness of Toxoplasma gondii tachyzoites produced by serial passage in HeLa cell culture. Methods-Tachyzoites derived from serial passage in cell culture were used in the dye test. Human sera were also examined to determine their suitability for use as accessory factor. Using the optimum conditions, the dye test using cell culture derived tachyzoites was compared with the current method of production (animal culture) on 105 randomly selected sera. Start up and maintenance costs of each system were compared. Results-Tachyzoites in most cell culture harvests (84%) from both early and later passes were useable. Tachyzoite yield and viability were maintained during serial passage in cell culture. Sodium citrate was used to modify accessory factor and improve its suitability. The performance of the accessory factor was improved by the addition of 1% and 3% sodium citrate for the current and cell culture systems, respectively. Under optimum conditions, dye test titres using cell culture and current systems were compared on 105 randomly selected sera. The results from 92 of 105 (87.6%) patients agreed or were within one dilution, but all discrepancies were resolved on re-testing. Start up costs for the current system would be 2.5 times and overall maintenance three times more expensive than cell culture. Conclusions-Tachyzoites derived from cell culture can be used routinely in the dye test. Production in cell culture is more cost eVective than animal culture. It is possible for general hospitals to perform the dye test, thus obtaining faster and more specific results. (J Clin Pathol 2000;53:630-633) 
Since it was first developed in 1948, the toxoplasma dye test remains the standard against which other tests are measured. 1 The dye test measures the total amount of specific antibody and has the advantage of being both highly sensitive and specific. However, it has two major disadvantages: it requires a source of live tachyzoites and a source of human complement as accessory factor. Currently, tachyzoites are produced by serial passage in the peritoneal cavity of mice or cotton rats. 2 Although convenient and reliable, animal culture is ethically undesirable, and the maintenance of an animal facility is expensive. Previous authors have successfully used cell culture derived tachyzoites for enzyme linked immunosorbent assays (ELISAs) 3 and the dye test, 4 but none have described their use in the dye test for routine diagnosis. We describe the establishment of a dye test method using cell culture derived tachyzoites and its performance on routine diagnostic samples relative to that using animal derived tachyzoites.
Methods
Toxoplasma RH strain tachyzoites were cultured by in vivo and in vitro methods. For animal culture, cotton rats were inoculated intraperitoneally with tachyzoites. After 66 hours the animals were killed and tachyzoites harvested by intraperitoneal washing with sterile normal saline. For cell culture, HeLa cell monolayers in 75 cm 2 tissue culture flasks (Costar Corning, High Wycome, UK) were infected with tachyzoites at a multiplicity of infection of 1 : 1 in maintenance medium (Earle's balanced salt solution with 25 mM Hepes containing 2% fetal bovine serum, 10 mM L-glutamine (Bio Whittaker, Wokingham, UK), 40 000 U gentamicin (Rousell of Ireland, Dublin, Eire), and 1 mg Fungizone (Squibb and Sons, Hounslow, UK) and incubated at 37°C with 5% CO 2 in a Napco incubator (Thomson Scientific, Aberdeen, UK). After 24 hours, the medium was replaced with medium without fetal bovine serum and toxoplasma were harvested three to four days after infection by vigorously shaking the culture and decanting the supernatant. Toxoplasma produced by these methods were used to infect further rats or flasks to maintain serial passage. To remove host cell contamination, cell culture harvests were filtered using low pressure vacuum through a polycarbonate filter with a pore size of 5 µm (Whatman International, Maidstone, UK). Harvests containing less than 2 × 10 6 tachyzoites/ml were concentrated by centrifugation at 1000 ×g for 10 minutes. Toxoplasma were then resuspended The dye test was performed as previously described using a micromodification of the Sabin-Feldman dye test. 5 6 Briefly, a suspension of 2 × 10 6 tachyzoites in 50% accessory factor was added to doubling dilutions of patients' and control sera in sterile normal saline in flat bottomed microtitre plates (Costar Corning). Accessory factor was toxoplasma specific, antibody negative serum supplied by the North of Scotland Blood Transfusion Service, collected by anonymous donation, and previously checked for suitability in the test. After incubation at 37°C for one hour, titres were read as the end point dilution for 50% tachyzoite killing assessed by phase contrast microscopy and confirmed by the addition of methylene blue. We tested 105 randomly selected sera. Sera with discrepant results were also tested using in house IgG and IgM ELISAs. 7 The start up and maintenance costs for producing toxoplasma tachyzoites from the cell culture and current (animal culture) systems were compared. Statistical analysis ( 2 test, t test with 95% confidence interval (CI), and calculation of bias 8 ) was performed where appropriate. Analysis of dye test titres was performed after log 10 transformation of data.
Results
Toxoplasma gondii tachyzoites were successfully maintained for up to 80 serial passages in cell culture. One hundred and fifty two of 181 (84%) harvests were successful in the dye test. The remaining harvests failed in the dye test owing to non-specific killing of tachyzoites. To be useful as an accessory factor, sera must be T gondii specific antibody negative and must not cause non-specific killing in the dye test. Using animal derived tachyzoites, 10 of 14 seronegative sera were suitable as accessory factor, but only three of 21 were suitable using cell culture tachyzoites (p < 0.001). It was found that the addition of sodium citrate (as a 50% solution of trisodium citrate in sterile normal saline) to the accessory factor reduced or prevented nonspecific killing. The optimum amount to obtain correct dye test titres was 1% sodium citrate for animal derived tachyzoites (table 1), but this had to be increased to 3% for tissue culture derived tachyzoites (table 2) . Using these modifications, 15 previously unsuitable sera were re-evaluated and converted to useable accessory factor by addition of the appropriate concentration of sodium citrate. Modified accessory factors were almost equally suitable for use with tachyzoites from cell culture (85%) or from animals (86%).
Cell culture harvests were considered to be of dye test quality when the yield was > 1 × 10 6 /ml and viability was > 90%. Fulfilment of these criteria was to some extent dependent on the pass number of the harvest; between passes 1 and 20 (low pass), 74 of 204 (36.4%) harvests failed to meet these criteria, and between passes 21 and 40 (high pass), 55 of 184 (29.9%) failed. This diVerence was not significant (p > 0.05). However, the mean (2 SD) yield was greater for high pass harvests (4.29 (4.54) v 2.37 (2.50) × 10 6 /ml; p < 0.0001; 95% CI, 1.47 to 2.37 × 10 6 ). Each harvest yielded 20 ml so that from an inoculum of 3 × 10 6 tachyzoites the mean increase was 15.8-fold and 28.6-fold for low and high passes, respectively. The mean (2 SD) viability of low pass harvests was 94.9% (5.7%) and was similar to that for high pass harvests (95.5% (2.50%); p = 0.09; 95% CI, −0.126% to 1.326%).
Costs to start up and maintain an animal house are greatly influenced by the number of users of this facility. In our case (the worst case) we were the sole users. The start up costs for cell culture equipment (incubators, pipettes, etc) were similar to those for animals (cages, racks, and sinks), and safety cabinets were common to both systems. However, the additional costs for licences and administration added an extra 25% to the animal system. Although the laboratory space required for both systems was similar, the animal system required additional security, which added a further 25% to the start up costs. In addition, the laboratory space required for a cell culture system can easily be incorporated into a virology laboratory, whereas the animal system requires dedicated space and costs twice as much. Thus, the start up cost for an animal system is at least 2.5 times greater. Consumable costs are 2.5 times greater for cell culture; staV costs are similar; licences, vets, and administration make the overall costs of the cell culture system 80% of that for animals. However, because dedicated laboratory space is necessary for the animal system, the overall maintenance of the animal system is three times that for cell culture.
To demonstrate that diagnostic usefulness was maintained during serial passage, tachyzoites derived from both low and high pass cell culture harvests and from the current system were used to test 105 randomly selected sera. The dye test titres ranged from < 4 to 500 IU/ ml (39 < 4 IU/ml, 66 > 4 IU/ml). When tested in parallel, 63 of 105 (60.0%) results agreed and a further 29 of 105 (27.6%) were within one dilution. Repeat testing of the remainder led to full agreement in 10 of 13 and in three of 13 to within one dilution; six of 13 producing the same result as before with animal derived tachyzoites and three of 13 with cell culture derived tachyzoites (p = 0.135; 95% CI, 1.02 to 1.04; fig 1) . Dye test titres of patients' sera produced using each system were correlated. For both low and high pass cell culture harvests, the correlation coeYcient r = 0.983. Comparability of results was also assessed by calculating bias. For low pass harvests, the cell culture system produced results 0.93 IU/ml higher than the current system (limits of agreement 0.39 to 2.23 iu/ml and 0.92 IU/ml for titres > 65 IU/ml). Similarly, high pass harvests produced results 0.95 IU/ml higher (limits of agreement 0.43 to 1.93 IU/ml). The range of bias in high pass harvests was 0.84 to 1.07 IU/ml. Two sera had very low titres (< 4 IU/ml) with animal derived tachyzoites and were negative (< 4 IU/ml) using cell culture derived tachyzoites. Results of other toxoplasma specific antibody tests on these two sera were negative.
Discussion
The performance of the dye test with tachyzoites produced in cell culture has been described previously, but such tachyzoites have never been used for routine diagnosis in the dye test. 4 Our method of tachyzoite production in HeLa cells has been adapted to serial passage to provide a continuous supply of viable parasites in suYcient numbers to perform the dye test routinely. Furthermore, the yield significantly increased with serial passage (p < 0.0001), which reduced the need to centrifuge harvests before use in the dye test. Tachyzoite viability was acceptable but not significantly diVerent in low and high pass harvests (p = 0.09). Thus, the test can be performed using parasites both from early and later pass numbers, confirming the diagnostic usefulness of the tachyzoites produced. In our experience, significantly less of the accessory factors used as a source of complement can be used for performing the dye test with tachyzoites grown in cell culture (14%) compared with those from animals (71%). It was not clear whether this is a function of the tachyzoites, the accessory factor, or both.
Because the accessory factor is the source of complement required for antibody mediated killing in the test, 9 its contribution is crucial. Although a smaller proportion of sera than plasma can be used as accessory factors, many sera can be converted to useable accessory factors by the addition of sodium citrate. 9 Our results confirm that the addition of sodium citrate increases the proportion of sera that can be used as accessory factors, but that a higher concentration (3%) is required for cell culture derived tachyzoites than for animal derived tachyzoites (1%). Excess sodium citrate reduces the sensitivity of the test, which is not surprising because its ability to chelate calcium and magnesium ions will inhibit activation of the classical complement pathway, which is essential to dye test function. It is possible that at optimum concentration, citrate removes sufficient magnesium to inhibit the alternative complement pathway, which might be responsible for non-antibody mediated killing, but leaves suYcient calcium for classical pathway activation. The reason that diVerent citrate concentrations are required for the two types of tachyzoite probably arises from the fact that cell culture tachyzoites are collected in EMEM/Hepes, which contains magnesium and calcium, whereas animal derived tachyzoites are collected in saline.
For the cell culture derived tachyzoites to replace animal derived ones in the dye test, results must be comparable. In our comparative study using both low and high pass cell culture harvests, 87.5% of dye test results agreed or were within one dilution, and all of the discrepancies could be resolved on retesting (r = 0.983). This is not unexpected because it is accepted that each test is only readable to within one dilution, and the results confirm that diagnostic usefulness was maintained during serial passage. A small bias was observed using cell culture derived tachyzoites (< 1 IU/ml higher), which was well within the limits acceptable for a doubling dilution test. However, on re-testing it was clear that both systems had contributed to the initial discrepancies. Bias was similar at low and high titres using both low and high pass cell culture harvests. Two sera diVered in that very low titres were recorded using the current system but results were negative using tissue culture derived tachyzoites. For testing immunity and when testing immunocompromised patients it is important to detect any specific antibody. 7 Because the discrepant low positive results recorded by the current methods were equivocal and of doubtful importance, there are no concerns that the test using cell culture derived tachyzoites might fail to detect toxoplasma antibody. Your time and help are appreciated. We especially thank all those ACP members who returned questionnaires circulated in the September 1999 journal issue for their valuable feedback.
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